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PART II
I. INTRODUCTION
1. Preliminary Statement.-This bulletin is a report of results
obtained in the course of a cooperative research investigation in the
Engineering Experiment Station of the University of Illinois. The
results presented are based upon the work done since the publication
of Bulletin No. 219. In the previous bulletin two methods were
presented by means of which water supplies containing concentra-
tions of dissolved sodium bicarbonate previously considered to be
impossible of utilization in so-called raw water ice manufacture could
be used successfully. The first, involving a new chemical treatment
of the water prior to the freezing process, was applicable solely to
solutions of the sodium bicarbonate type. The second, the basis of
which depended upon the development of a new type of freezing
container offering more effective air agitation of the water being
frozen than equipment previously standardized in the industry, indi-
cated a possibility of general application. The results presented in
this bulletin demonstrate the extent to which this has been possible.
The investigation was conducted under the terms of a co6perative
agreement between the University of Illinois and the Utilities Re-
search Commission, Inc., of Chicago, representing the Chicago Rapid
Transit Company, the Commonwealth Edison Company, the Chicago
North Shore and Milwaukee Railroad Company, the Midland United
Company, the Middle West Utilities Company, the Peoples Gas
Light and Coke Company, and the Public Service Company of
Northern Illinois. The investigation was started in July 1928 and
continued until March 1931. The results presented in this bulletin
are based upon work done between September 1930 and March 1931.
2. Advisory Committee.-The members of the committee appoint-
ed by the Utilities Research Commission to act in an advisory capac-
ity during the investigation were: Mr. A. J. Authenrieth, Vice
President in Charge of Ice and Refrigeration of the Middle West
Utilities Company, Chairman; Mr. E. A. Armstrong, Manager of
Power Sales, Public Service Company of Northern Illinois; Mr. C. J.
Carleson, Refrigerating Engineer of the Commonwealth Edison Com-
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pany; Mr. T. H. Jones, Manager of Power Sales, Commonwealth
Edison Company; and Mr. J. B. Reynolds, Director of Industrial
Development, Middle West Utilities Company.
3. Object of Investigation.-The object of the investigation was
to determine the conditions required to render all types of industrial
water supplies available for the production of marketable ice in
completely electrified plants.
4. Scope of Investigation.-In Bulletin No. 219 industrial water
supplies were arbitrarily classified on the basis of predominating
sodium salt concentration into three types, namely, sodium carbonate
or bicarbonate, sodium sulphate, and sodium chloride. Although
previous investigation was formally limited to solutions of the first
class, both methods developed for their utilization included neutrali-
zation of the bicarbonate and carbonate to sulphate by either sul-
phuric acid or aluminum sulphate. The predominating salt present
in the solutions actually frozen was therefore sodium sulphate. The
conversion of bicarbonate to sulphate resulted from the experience of
practical operation within the industry which indicated the latter to
be less effective in producing opacity than the former. Although it
had been indicated further that chlorides were still less effective than
sulphates, a limited number of determinations on sodium bicarbonate
solutions neutralized to chloride failed to indicate any material im-
provement over the former procedure. In the previous work, how-
ever, no thorough investigation was made concerning the relative
effect exerted by solutions of various salts and mixtures of salts on the
formation of opacity. Before extending the investigation to include
all types of industrial water supplies, therefore, it seemed highly
desirable to obtain more extensive data on this point before studying
the effect of salt concentration.
In the course of the investigation a method was developed by
means of which it was possible to determine the relative effect of salt
composition and to classify solutions of the individual salts commonly
present in industrial supplies into two distinct types. Furthermore,
data obtained from solutions of mixed salts clearly indicated that the
results could not be predicted from the behavior of the individual
salts in simple solutions, the presence of small concentrations of
chlorides, for example, materially reducing the tendency to occasion
opacity possessed by solutions of sulphates. While the data obtained
is by no means complete, it does present a practical basis for the
classification of solutions used in ice production and offers additional
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information concerning effective treatment of the solutions prior to
the freezing process.
On the basis of these results, a survey was made of plants associ-
ated with the cooperating agency in which the available water
supplies were such that modern electrified operation could not be
utilized. For three of the most extreme cases, production methods
were developed whereby ice of marketable quality could be produced
in electrified procedure. Throughout this phase of the investigation
synthetic solutions were used exclusively, the basis being distilled
water to which were added salts corresponding in composition and
concentration to the hypothetical salt combinations indicated by
chemical analyses. Synthetic solutions prepared in this manner were
strictly comparable to the original supplies in all respects, as exem-
plified by the fact that ice frozen from the two was identical in quality
when produced either in the experimental plant at the University or
in commercial installations.
The experimental results, which have been obtained under condi-
tions closely approximating commercial plant operation, indicate
that the object of the investigation has been achieved. Application
of the methods developed, however, now becomes the problem of
the practical operator.
5. Acknowledgments.-The investigation was conducted as part
of the work of the Engineering Experiment Station of the University
of Illinois at Urbana, under, the administrative direction of DEAN
M. S. KETCHUM, through funds made available by the Utilities
Research Commission, Inc., of Chicago.
Acknowledgment is made to PROF. D. B. KEYES, head of the
Industrial Chemistry Division of the Chemistry Department and
director of Chemical Engineering research in the Engineering Experi-
ment Station, under whose direction the investigation was conducted.
Appreciation is expressed to Mr. DEAN V. WILLS for his able
assistance in operating the experimental ice plant and in conducting
the experimental tests.
Acknowledgment is also made to the various manufacturers of
equipment who coiperated in the design and construction of the
experimental ice plant.
II. DESCRIPTION OF EXPERIMENTAL ICE PLANT
6. General Description of Plant.-The design of the experimental
plant was chiefly influenced by the requirement of automatic opera-
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tion and close control of the freezing brine temperature. Automatic
operation was necessary in order to reduce the amount of personal
attendance required. Control of the brine temperature to within at
least ±0.5 deg. F. was fixed as a major requirement since similar
control is possible in efficient large-scale operation.
The freezing tank was designed to accommodate twenty cans of
standard 400-, 300-, and 100-lb. dimensions. The latter were included
for the purpose of preliminary observations, due to the shorter freez-
ing time required. However, all results presented in this bulletin
were obtained using standard 300-lb. cans.
As a result of the reduced size of the freezing tank the relation be-
tween the heat liberated by a single can during the initial freezing
period and the total heat capacity of the brine in the tank was
extremely large as compared with that existing in commercial instal-
lations. Therefore, the required temperature control could not be
obtained by applying the refrigeration direct to the freezing tank, as
commonly practiced within the industry. This difficulty was over-
come, however, by dividing the brine system into two sections, one
serving as the actual freezing tank, the other as a storage for brine
held at a temperature 3 to 6 deg. F. below that desired in the freezing
tank, which was supplied as required by means of suitable tempera-
ture control equipment. A constant brine level in the freezing tank
was maintained by an overflow weir placed in the partition separating
the two sections. Details of the brine system are shown in Fig. 1.
The brine in the low temperature storage tank was cooled by
circulation at a constant rate through a brine-liquid ammonia heat
interchanger. An electrical thermostatic switch, an element of which
was located in the storage tank, controlled the operation of the am-
monia compressor, and, in turn, the temperature of the brine.
Leaving the heat interchanger, the brine passed to a three-way valve
which proportioned the flow between the freezing tank and storage
compartment. The operation of the valve was controlled by a ther-
mostatic element located in the freezing tank. As the temperature
fluctuated the air pressure exerted on the diaphragm of the three-way
valve, and in turn the volume of cold brine diverted to the freezing
tank, were correspondingly altered. Details of the installation are
shown in Fig. 1.
A motor-driven vertical agitator operating a two-bladed propeller,
6 in. in diameter, 6 in. pitch, in a short length of 6.5 in. pipe, as
indicated in Fig. 1, circulated the brine within the freezing tank.
The cold brine required for temperature control was introduced
directly above the propeller to insure its uniform distribution.
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Temperatures in the two compartments were determined by re-
cording gas-filled thermometers, the accuracy of which was frequently
checked by means of a standardized mercury thermometer graduated
to 0.1 deg. C., and so mounted in a glass cup that when removed
from the brine for observation its bulb was surrounded by a large
volume of liquid.
In the freezing compartment the recording thermometer bulb was
located to determine the temperature of the brine after it had cir-
culated through the tank. The temperature gradient throughout
the tank at maximum load was 0.1 to 0.15 deg. F. The efficiency of
the temperature control was such that the average deviation from
the mean was 0.15 deg. F. for observations taken at 15 min. intervals
over a series of 24 hr. test periods.
7. Refrigerating Equipment.-The plant was designed to operate
at freezing brine temperatures ranging from 16 to 6 deg. F., and the
maximum refrigerating load was limited to that imposed by placing
four 300-lb. cans in the brine per day at 1 to 2 hr. intervals. The
refrigerating medium used was ammonia and the capacity of the
compressor 6 tons. The brine cooler was of the flooded type, the
liquid ammonia level in the unit being maintained by means of a
float valve which controlled the flow of liquid from the condenser.
A magnetic stop valve located in the liquid line, which became
energized when the compressor stopped, prevented the condenser
from being drained when the boiling level in the evaporator subsided,
and an adjustable pressure regulator located in the suction line served
to control the temperature within the evaporator. A high-pressure
cut-out control was installed to protect against the development of
excessive pressures and all motors were protected by means of
overload switches.
8. Freezing Tank.-The freezing tank design shown in Fig. 1
resulted from the necessity of accommodating the three sizes of
freezing cans previously noted. To prevent channeling of the brine
the tank bottom was raised in the sections designed for the smaller
can sizes, as indicated.
The spacing of the 300-lb. cans, used exclusively in obtaining the
results presented in this bulletin, is shown in Figs. 1 and 2.
9. Air Conditioning Equipment.-In place of the standard brine-
cooled dehumidifiers employed in commercial high-pressure ice plant
installations, the air used for agitation during the freezing process
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FIG. 2. DETAIL OF FREEZING TANK
was dried by means of calcium chloride* under a pressure of 160-170
lbs. per sq. in. (gage). The equipment designed for this purpose is
shown in Fig. 3. As a result of the overall reaction
CaC12 • 2H 20 + 4H 20 --- * CaC12 - 6H 20
the vapor pressure of water vapor in the air leaving the unit was
assumed to correspond to that of saturated calcium chloride (CaCl12
6H 20) at the temperature existing in the column. With velocities
sufficiently low to prevent marked rise of temperature within the
column the final humidityt of the air leaving the unit at 70 deg. F.
and 170 lbs. per sq. in., based on the data of Rooseboom,T would be
4.6 X 10- 4 and its dew-point, when expanded to 2 lbs. per sq. in.,
-7.6 deg. F. The actual humidity and corresponding dew-point of
the air dried under the condition stated above, determined by ab-
sorption in "anhydrone"¶ were 3.09 X 10- 4 and -14.8 deg. F.
respectively.
In actual operation of the dehumidification units 15 lbs. of calcium
*CaCl2 * 2HO20; the crude salt, approximately 73-75 per cent CaChl by weight, used in the prepara-
tion of freezing brine solutions.
tPounds of water vapor per pound of dry air.
C Rooseboom, H. W. B., Zeit. phys. Chem. 4, 31 (1889); see also "Dehumidification of Air with
Calcium Chloride," Special Development Bulletin No. 16, Dow Chemical Company, 1932.
¶[For absorption efficiency of anhydrone, see Rees, 0. W., Ph.D. Thesis, University of Illinois, 1931.
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FIG. 3. DETAIL OF AIR CONDITIONING EQUIPMENT
chloride served to dry approximately 30 500 cu. ft. of air.* Since the
average air requirements for the plant were approximately 82 cu. ft.
per hr., the units were used 15 days, a fresh unit being placed on the
line while the exhausted unit was recharged.
Leaving the drier, the air passed through a glass wool scrubber
wherein any solid calcium chloride carried mechanically was removed,
and then to a reducing valve from which it entered the air laterals at
20 lbs. per sq. in. From the laterals the pressure was finally reduced
to 2 lbs. per sq. in. through adjustable orifices which delivered the
air to the cans.
The dehumidification afforded by the units described was suffi-
cient for cans equipped with external air tubes when operated at brine
temperatures as low as 6 deg. F.
*Throughout this bulletin all air volumes have been reduced to standard conditions; namely,
the volume measured at 32 deg. F. and 14.7 lbs. per sq. in. (abs.).
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10. Equipment for Preparation of Synthetic Solutions.-The basis
for all synthetic solutions frozen was condensate recovered from the
University high pressure steam system. This product, the pH of
which was 7.2, was relatively free from oil, contained 9.0 parts per
million of ammonium bicarbonate (NH 4 - HCOs), 1.5 parts per mil-
lion of free CO2 (as H2COs), and 7.2 parts per million of dissolved
material recoverable on evaporation to dryness. A 200-gal. supply of
the condensate was held in a glass-lined storage tank, from which
synthetic solutions of any desired composition were prepared in two
smaller tanks by the addition of appropriate salts.
11. -Photographic Record Equipment.-Since the investigation was
concerned primarily with the appearance of ice frozen from various
types of solutions under variable freezing procedure, reliance for
permanent records had to be placed on photographs. The ice samples,
removed from the cans in the usual manner-air tempering followed
by dipping in warm water-were photographed against a black back-
ground between two sharp beams of light. In this manner any
opacity present in the cake was intensified on the photographic plate.
Although completely satisfactory for purposes of comparison, the
increased intensity of the opaque areas should be considered in
judging the photographic records to be presented.
12. Description of Freezing Cans.-In the determination of rela-
tive salt effect concerning opaque ice formation the solutions were
frozen in standard 300-lb. cans having the following outside dimen-
sions: 11 x 22 in. top, 10 x 21 in. bottom, and 50 in. high.
In the case of solutions containing excessive salt concentrations
the cans used were comparable to those described in Bulletin 219.*
III. DIscussioN OF TEST METHODS AND RESULTS
13. Limiting Conditions of Tests.-All tests were run under condi-
tions comparable to those encountered in commercial operation.
As stated previously, the freezing brine temperature was held at
16 deg. F., the average deviation from the mean being approximately
0.15 deg. F. In order to obtain such control it was not possible to
place more than a single 300-lb. can in the brine at one time. Except
in a few isolated cases at least 4 samples were frozen for each condi-
*Loc. cit., p. 27.
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tion investigated and in many cases this number was increased to 20.
Each sample was photographed and permanently recorded. The
general application of the results obtained, since the final criterion
involved the personal opinion of appearance, was insured by numer-
ous field observations regarding standards of ice quality and the
cooperation of the advisory committee.
14. Operating Conditions.-The average temperature of the water
placed in the freezing cans and of all core replacements was 80 deg. F.,
the average deviation being ±+ 5 deg. F.
The velocity of the brine circulated in the freezing tank was
governed by the necessity of effective distribution of the cold brine
entering the freezing system in response to a demand for temperature
adjustment. For this reason it was probably somewhat greater than
that existing in many commercial installations. This conclusion
results from the consistently low freezing time of 41 to 42 hrs. ob-
tained in the experimental plant as compared with the 47 to 48 hrs.
required at the same temperature in commercial operation.
The discrepancy in freezing time may also be partly accounted
for by the fact that the freezing cans in the experimental plant were
more thoroughly submerged in the brine than in many commercial
installations. The brine level was maintained so that its surface was
approximately even with the final level of the ice in the cans. In
commercial plants it is seemingly*t a general practice to so fill the
cans that the level of the brine, when the cans are submerged, will at
least be even with the water inside the cans. Under such conditions,
however, the final level of the ice extends 4 to 4.5 in. above the brine,
a condition which materially retards effective removal of heat from
the unfrozen core.
IV. CLASSIFICATION OF WATER SUPPLIES
15. Object of Classification.-Before attempting the development
of methods to be applied generally in plants wherein solutions differ-
ing widely not only in the total concentration but also in the composi-
tion of the dissolved constituents are frozen, it seemed desirable to
determine the effect on the production of opacity exerted by the vari-
ous salts and mixtures of salts present in industrial water supplies.
*Moyer and Fittz, "Refrigeration," p. 302. McGraw-Hill Book Co., New York, 1928.fMacintire, "Handbook of Mechanical Refrigeration," p. 381. John Wiley and Sons, New York,
1928.
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16. Previous Classifications.-Numerous classifications of water
supplies used in ice making have been proposed in the past*tt in
which the relative effect of the common salts has been indicated and
the allowable salt concentrations defined for the type of freezing
procedure previously standardized in the ice industry. According to
Ehrenfeld and Gibbs,¶
"Experience has shown that carbonates and bicarbonates are
more effective and chlorides less effective than sulphates are in caus-
ing a white shell to form on the outside of a cake of ice, so that the
sum of the sulphates and factors of the carbonates and chlorides will
give a number which can be interpreted in terms of ice quality. The
degree to which the carbonates are more effective than the sulphates
in producing a white shell is about 1.25 times, and the degree to which
the chlorides are'less effective than the sulphates in causing a white
shell is about 0.75."
On the basis of such classification, the allowable limits of salt
concentration, making allowance for the removal of magnesium and
calcium carbonate and bicarbonate by lime softening, were considered
to be the following:§
(1) If the factor is more than 171 and less than 256 parts per
million, good ice can be expected with the usual volume of air
for agitation.
(2) If the factor is more than 256 and less than 342 parts per
million, merchantable ice can be made if more than the usual
amount of air per min. per can is applied, especially during the
first part of the freeze, and if brine temperatures of 18 deg. F. or
higher are carried.
(3) If the factor is more than 342 and less than 710 parts per
million, considerably more than the usual volume of air must be
used and very high brine temperatures carried. Even then the
outcome is doubtful.
(4) If the factor is more than 710 parts per million, merchant-
able raw-water ice cannot be made.
Although classification on the basis of relative opaque shell forma-
tion proved well adapted to plants where the freezing procedure was
limited by the use of relatively inefficient air agitation, it does not
*Ehrenfeld and Gibbs, "Water for Ice Making and Refrigeration," 1st Ed., p. 43. Nickerson and
Collins, 1928.
fMacintire, H. J., "Handbook of Mechanical Refrigeration," 1st Ed., p. 397. Wiley and Sons,
1928.
TAuthenrieth, A. J., and Brandt, E. A., "Practical Ice Making," 1st Ed., p. 48. Nickerson and
Collins, 1931.
¶Loc. cit.
§Ehrenfeld and Gibbs, loc. cit.
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offer a logical basis of classification for systems where increased
agitation efficiency is possible.
However, one condition arising during the freezing process is
common to both systems. Increased agitation is only possible eco-
nomically for a limited initial period. Therefore, ice must finally be
formed under approximately the same conditions of core agitation as
exist in the former procedure, namely, that resulting from the use of
the more or less standard 0.3 to 0.5 cu. ft. of air per min. Under these
conditions the formation of transparent ice may proceed only until
further concentration of the solution results in the formation of an
opaque core. At this point the core water must be removed and be
replaced by a fresh supply. A classification capable of general appli-
cation should therefore be possible on the basis of either the volume or
the width of the core when opacity results.
17. Classification on Basis of Opaque Core Formation.-In Bulletin
219* a theory concerning the formation of opaque ice was presented
in which it was concluded that opacity resulted when the salts dis-
solved in the fluid film bathing the growing crystal surface became
sufficiently concentrated to cause either the precipitation of salt as an
eutectic with the ice, or marked alteration in the size and orientation
of the ice crystals themselves. At the freezing surface two forces are
continually in competition, the concentration of the salt in the film
due to removal of water as ice, and diffusion of the dissolved salts
from the film resulting from the concentration gradient established
and the convection currents developed in the main body of the
unfrozen solution by agitation. At any point in the freezing process
the concentration tendency is controlled by the rate of ice formation,
which in turn depends upon the temperature and velocity of the
freezing brine and the thickness of the ice wall separating the brine
and the unfrozen water. On the other hand, the factors controlling
the diffusion of salts from the film are their concentration in the main
body of the unfrozen solution, and the circulation resulting from
agitation.
On the basis of these considerations the ideal condition for deter-
mining the relative influence of various salt solutions on the occur-
rence of opacity would be one in which opacity resulted when both
the rate of ice formation and the agitation of the solutions had the
same values throughout the series of determinations. Under these
conditions the relative effect of the various salts would be proportion-
al to their concentration in the unfrozen solution when opacity first
*Appendix A, p. 49.
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occurred. Such procedure, however, would involve determining the
initial salt concentration required in the case of each solution to
produce opacity at any point in the freezing process chosen as the
standard.
A method was therefore substituted which, although possibly
lacking in refinements possessed by the ideal case, has satisfactorily
met the demands imposed by the practical considerations involved.
A series of salt solutions were prepared in which the initial salt
concentration was 9.29 milli-equivalents per liter. Equivalent rather
than equimolar concentrations were chosen in order that the results
would offer some indication of the effect to be gained by altering the
salts originally present in actual water supplies either by chemical
reaction or by base-exchange. These solutions were then frozen
under conditions as nearly comparable as possible. The cans used
were of the standard 300-lb. type, and the agitation that resulting
from the use of 0.57 cu. ft. of air per min. delivered through a standard
drop tube centered in the can and extending to within 2 in. of the
bottom. Both the brine temperature and velocity were constant.
No core water was removed during the freezing process, the solution
originally present being allowed to freeze completely. The frozen
blocks of ice were then removed from the cans and photographed.
In each case the thickness of the opaque core could be readily ob-
served, as the initial concentration of 9.29 milli-equivalents per liter
was chosen in order that no marked shell opacity would result in the
most extreme cases. From the photographic positives the ratio be-
tween the thickness of the opaque core and that of the block of ice at
one-half the height of the block* was determined for each sample
frozen.
For each salt solution studied the core ratios exhibited a rather
large standard deviation from the mean, a condition probably ac-
counted for by the variable agitation existing in the final core. The
lower portion of the air tube becomes encased in ice before opacity
occurs. The final air must therefore enter the core through channels
maintained in the ice wall which, being random in nature, occasion a
variable air velocity. To overcome this difficulty, however, sufficient
samples were frozen to allow the results to be analyzed statistically.
The data obtained for the series described are given in Table 1. The
largest probable error in any mean value was 5.7 per cent, while the
average was 2.2 per cent.
*The average height of the finished blocks of ice was 42 in. and the average thickness of the
blocks at a height of 21 in. was 10.25 in.
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TABLE 2
SIGNIFICANCE OF DIFFERENCES EXISTING BETWEEN MEAN CORE RATIOS OF
VARIOUS SOLUTIONS INVESTIGATED
Salt Solutions
1. (a) Sodium Carbonate....
(b) Sodium Bicarbonate..
2. (a) Sodium Carbonate....
(b) Sodium Sulphate.....
3. (a) Sodium Carbonate....
(b) Magnesium Sulphate..
4. (a) Sodium Sulphate.....
(b) Magnesium Sulphate..
5. (a) Sodium Carbonate....
(b) Sodium Chloride ....
6. (a) Sodium Chloride.....
(b) Calcium Chloride.....
7. (a) Sodium Chloride ....
(b) Magnesium Chloride..
8. (a) Calcium Chloride ....
(b) Magnesium Chloride..
9. (a) Sodium Bicarbonate..
[Sodium Bicarbonate..
(b) Sodium Sulphate....
Sodium Chloride.. ..
10. (a) Sodium Bicarbonate..
(b fSodium Bicarbonate..
.( )•Sodium Chloride.....
11. (a) Sodium Sulphate.....
b) fSodium Sulphate.....( ) {Sodiu  Chloride.....
12. (a) Sodium Chloride.....
)ISodium Sulphate.....(b) Sodium Chloride...
13. (a) Sodium Chloride.....
, fMSodium Chloride.....(b) Calcium Chloride....
14. (a) Magnesium Sulphate.
b) Magnesium Sulphate.
(b) MagneSodium Chloride.....
15. (a) Magnesium Chloride..
(b) Magnesium Chloride.,
16. (a) Magnesium Chloride..
(b) Magnesium Chloride..
Initial
Salt
Concen-
tration
m. eq.
per 1.
9.29
9.29
9.29
9.29
9.29
9.29
9.29
9.29
9.29
9.29
9.29
9.29
9.29
9.29
9.29
9.29
9.29
3.096
3.096
3.096
9.29
4.6451
4.645J
9.29
4.6451
4.645J
9.29
4.6451
4.645J
9.29
4.6451
4.645J
9.29
4.6451
4.645J
4.35
9.29
9.29
12.50
Mean
Core
Ratios
0.295
0.290
0.295
0.293
0.295
0.282
0.293
0.282
0.295
0.225
0.225
0.221
0.225
0.214
0.221
0.214
0.290
0.298
0.290
0.295
0.293
0.227
0.225
0.227
0.225
0.228
0.282
0.203
0.116
0.214
0.214
0.325
Differ-
ence
M
0.005
0.002
0.013
0.011
0.070
0.004
0.011
0.007
0.008
0.005
0.066
0.002
0.003
0.079
0.098
0.111
Probable
Error of
Differ-
ence
e
0.0068
0.006
0.008
0.009
0.005
0.012
0.004
0.012
0.006
0.006
0.007
0.007
0.005
0.007
0.009
0.003
Ratio
M*
e
0.74
0.33
1.6
1.2
14.0
0.32
2.5
0.58
1.35
0.9
8.8
0.29
0.6
8.4
10.9
34.7
Odds Against the
Occurrence of a
Difference as
Great as or
Greater than the
Designated One
Less than 1 to 1
Less than 1 to 1
2.6 to 1
1.4 to 1
Greater than
6.5 x 10o to 1
Less than 1 to 1
9.9 to 1
Less than 1 to 1
2 to 1
Less than 1 to 1
3.16x 108 to 1
Less than 1 to 1
Less than 1 to 1
Greater than
6.3 x 107 to 1
Greater than
6.5 x 101o to 1
Greater than
6.5 x 1010 to 1
*In accordance with conventional interpretation, the difference, M, has been considered insig-
nificant when less than twice its probable error, e, and certainly or almost certainly significant when
greater than three or more times its probable error.
In addition to solutions of the single salts, a limited number of
solutions containing salt mixtures were also investigated. In these
cases the total initial salt concentration was the same as before,
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namely, 9.29 milli-equivalents per liter. However, the concentration
9.29
of the individual salts was either - (= 4.645) milli-equivalents per
2
9.29
liter when the solution contained 2 salt components, or-- (= 3.096)3
milli-equivalents per liter when the solution contained 3. The data
obtained for these solutions are also included in Table 1. Photo-
graphs of the samples having core ratios approximating the mean
values for each solution investigated are shown in Fig. 5 (see p. 25).
In view of the comparatively large standard deviations previously
mentioned, the significance of the difference between the mean core
ratios for the various solutions was determined by comparing the
magnitude of the differences with their probable error. The result of
analyzing the core ratio data on this basis is given in Table 2. The
probable error of the difference existing between any two mean core
ratios was calculated according to the method proposed by Lovitt
and Holtzclaw.*
In Table 2 the ratio of the difference between two mean core ratios
and the probable error of the difference is given in column 6, while the
odds against the occurrence of a difference as great as or greater than
the one designated is shown in column 7.
The volume of solution contained in the core when opacity first
occurred, shown in column 8, Table 1, was determined by freezing
samples of distilled water and removing the cans when the cores were
of variable thickness. The blocks of ice were removed from the cans
with the core water still in place; the core boundaries were sharply
defined by adding an opaque powder to the core water; the blocks
were photographed and the core water then removed and weighed,
thus establishing its volume. The relation between the core ratio,
determined from the photographs, and the core volume is given in
Fig. 4. Having determined that transparent ice frozen from such
salt solutions contained only inappreciable amounts of salt, it was
assumed that all salt originally present in the solutions was contained
in the unfrozen core water when opacity first occurred. The concen-
trations of the salts at this point, calculated from the core volume
data, are given in column 9, Table 1.t
*Lovitt, W. V., and Holtzclaw, H. F., "Statistics," 1st Ed., 1931.
tWhen the solutions containing carbonate or bicarbonate salts were agitated with air, the original
composition was rapidly altered due to the presence of CO2. Solutions of carbonates, for example,
were converted largely to bicarbonates, while the reverse was partially true of solutions originally
high in bicarbonate. The final composition of such solutions depended upon the equilibrium conditions
for the system, C0 2-H 2COa--HCO--COa. However, since the original and final concentrations were
equivalent in each case, the final concentrations given in column 9, Table 1, were calculated on the
basis of the salt or salts originally present.
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FIG. 4. RELATION BETWEEN CORE RATIO AND CORE VOLUME
18. Conclusions.-The conclusions to be drawn from the core
ratio data are as follows:
(1) The specific effect exerted by the various salts in producing
opacity is limited to the acidic constituents, as evidenced by the
fact that no significance is to be attached to the differences in core
ratio for sodium and magnesium sulphate, and for sodium,
calcium, and magnesium chloride.
(2) Solutions of single salts fall sharply into two classifications:
(a) those containing carbonates, bicarbonates, and sulphates, and
(b) those containing chlorides. No significance is attached to the
difference between the core ratios for solutions of the same group
while the significance of core ratio differences between groups is
extremely marked. Although lack of significant difference between
sulphates and carbonates or bicarbonates differs decidedly from
former classifications,* results obtained thouighout the investiga-
tion have followed closely predictions made on the basis of the
data presented in Table 1.
(3) In solutions containing salt mixtures the results were not
those to be predicted on.the basis of the data obtained from the
individual salts. The core ratio for equi-equivalent solutions of
sodium chloride and bicarbonate was the same as that of sodium
bicarbonate for the same total equivalent concentration, and not
the mean of the two, while in the case of sodium chloride and
sodium sulphate the condition was completely reversed. Although
the number of salt combinations studied was limited, the results
*See Section 16.
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TABLE 3
RELATION BETWEEN SALT CONCENTRATION AND AIR REQUIREMENTS IN
SODIUM SULPHATE SERIES
Air Used for Agitation
Salt 1st Auxiliary 2nd Auxiliary
Concen- Period Period Regular Period Total Air
tration, Consumed, Average
p.p.m. cu. ft. Rate,(freezing cu. ft.
cu. ft. duration, cu. ft. duration, cu. ft. duration, time, per min.
per min. hr. per min. hr. per min. hr. 42 hr.)
840 3.0 1.0 1.9 2.0 0.47 39 1508 0.60
1000 3.0 1.0 1.9 4.0 0.47 37 1679 0.67
1100 3.0 1.0 1.9 5.0 0.47 36 1765 0.70
1200 3.0 1.0 1.9 6.0 0.47 35 1851 0.73
1300 3.0 1.0 1.9 8.0 0.47 33 2022 0.80
obtained proved to be of extreme importance in the work which
followed. The desirability of extended investigation along similar
lines is, however, strongly indicated.
(4) In the case of water treatment prior to the freezing process
the results indicate that carbonates and bicarbonates should be
neutralized to chlorides rather than to sulphates as is now com-
monly practiced in neutralizers employing aluminum sulphate.
The chlorides thus produced would not only be less objectionable
than the equivalent amount of sulphates, but would also decrease
the tendency to occasion opaque ice formation possessed by any
sulphates already present.
V. EFFECT OF SALT CONCENTRATION ON OPAQUE
ICE FORMATION
19. Experimental Results.-In view of the core ratio classification,
solutions containing sodium, magnesium or calcium sulphate should
present greater difficulty in the production of transparent ice than
any type of supply to be encountered in practice, since solutions con-
taining the equally objectionable carbonates or bicarbonates could
readily be improved in ice-making quality by neutralization to the
corresponding chlorides. The effect of salt concentration was there-
fore determined by freezing a series of solutions containing sodium
sulphate in which the initial concentration ranged from 840 to 1300
parts per million. The freezing cans used were of the type described
in Bulletin 219. The volume of air for agitation and its distribution
throughout the freezing process for each salt concentration are shown
in Table 3. In each case two cores were removed, one of 10 gal.,
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followed by a second of 1.5 gal. Photographs typical of the results
obtained, shown in Fig. 6, indicate that at concentrations of 840 parts
per million or above the ice produced is of inferior quality. One
property possessed by these samples, not strikingly apparent from
the photographs, is a distinctive dullness which finally develops into
the true opacity exhibited by the samples frozen from solutions con-
taining 1300 parts per million.
In the core ratio data, however, it was clearly indicated that the
presence of sodium chloride materially reduced the tendency of
sodium sulphate to cause the formation of opaque ice. It was further
determined that this property of sodium chloride existed when the
ionic ratio of chloride to sulphate (as parts per million) was quite
low, as indicated by the ice shown in Fig. 7a (see p. 27), which was
frozen from a solution containing 840 parts per million of sodium
sulphate and chloride in which the ionic ratio of chloride to sulphate
was 0.093. For comparison, reference should be made to the ice
shown in Fig. 6, frozen from a solution containing 840 parts per
million of sodium sulphate alone under the same conditions.
On the basis of the improvement afforded sulphate solutions by
the presence of small amounts of chloride it seemed permissible to
use such solutions in the determination of the upper limits of allow-
able salt concentration. Solutions of sodium sulphate and chloride
were therefore prepared in which the ionic ratio of chloride to sulphate
was 0.093. The operating conditions were the same as those used in
the sample containing 1300 parts per million of sodium sulphate.
A typical example of the ice produced is shown in Fig. 7b. It is
interesting to note that the ice quality of this sample is quite com-
parable to that exhibited by the ice shown in Fig. 7c, which was
frozen under the same conditions from a solution containing 1300
parts per million of sodium chloride. Although the equivalent con-
centrations of sodium sulphate and chloride are not the same in each
case, the similarity of the samples lends considerable confirmation to
the core ratio data previously presented.
20. Conclusions.-The conclusions drawn from this phase of the
investigation are as follows:
(1) With effective air agitation and sufficient core removal,
the production of marketable ice is possible when the total salt
concentration is as much as 1300 parts per million.
(2) In solutions of sulphates, the presence of small amounts of
chloride, either through addition as sodium chloride or as the
result of neutralization with hydrochloric acid, materially in-
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TABLE 4
COMPOSITION OF COMMERCIAL PLANT WATER SUPPLIES INVESTIGATED, BEFORE AND
AFTER LIME SOFTENING, FOLLOWED BY NEUTRALIZATION WITH
HYDROCHLORIC ACID
Hypothetical
Combinations
Sodium Chloride ................
Sodium Sulphate .................
Sodium Bicarbonate. .............
Calcium Bicarbonate..............
Calcium Carbonate..............
Calcium Sulphate ................
Calcium Chloride.................
Magnesium Bicarbonate...........
Magnesium Hydroxide...........
Magnesium Sulphate..............
Magnesium Chloride.............
Silica ...........................
Iron ............................
Total Dissolved Salts ........
Concentration-parts per million
Plant (1)
Before
Treat-
ment
851
292
65 •
202
134
22
1566
After
Treat-
ment
896
292
11
5
22
1226
Plant (2)
Before After
Treat- Treat-
ment ment
824 1146
112 112
466
47
11
28
5
26 26
1503 1300
Plant (3)
Before
Treat-
ment
6
79
1208
65
9
6
0.1
1373
After
Treat-
ient*
6
1208
54
65
9
6
0
1348
*The treatment assumed in this case is solely neutralization.
creases the ice quality and allows marketable ice to be produced
from such solutions even when the total salt concentration is as
great as 1300 parts per million.
(3) On the basis of core ratio data, the beneficial effect of
chlorides on sodium sulphate solutions should apply equally to
solutions containing the sulphates of calcium and magnesium.
VI. APPLICATION OF RESULTS
21. Investigation of Highly Mineralized Industrial Water Sup-
plies.-In the early stages of the work large quantities of water
representing various plant supplies were shipped to the University
for investigation. The data obtained in freezing these samples led
to the conclusion that ice of comparable quality could be obtained
from solutions prepared synthetically according to the procedure
outlined in Section 10. Therefore, in extending the results presented
in Chapter V to the study of solutions forming the basis of actual
plant operations, synthetic samples were used exclusively.
The composition, before and after treatment, of the industrial
supplies chosen as the extreme cases to be studied is given in Table 4.
The treatment assumed consisted of lime softening comparable to
Concentration--parts per million
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Dissolved Salts
Sodlium Sodium Sodium Magnesiulm Sodium (alrium Miagnesiu
Carbonate Bicarbonate Sulphate Sulphate Chloride Chlloide Chlloride
Meain Core Ratio
0.295 0.2900
Soditum
Iicarbonate,Sodiumn
Sulphate,
Sodium
Chloride
0.298
FIG. 5. MEAN
0.293 0.282 0.227 0.221 0.214
Dissolved Salts
Sodium Sodium Calcium Mlinglesiumit
Bicarbonate, Sulplhate, Chloridehh, Stflphate,
Sodium Sodium Sodium Sodiumin
Chloride Chloride Chloride Chloride
Meatl Core R;tlio
0.295 0.227 0.228 0.180
CORE RATIOS OF VARIOUS SALT SOLUTIONS INVESTIGATED
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that described in Appendix D, Bulletin 219,* and neutralization of
the carbonates and bicarbonates to chloride for the reasons outlined
in Section 18. No lime treatment was assumed in the case of plant (3)
since the reduction in solids to be obtained would be negligible. In
plants (1) and (2) the treated water was of the sodium chloride type,
while in plant (3), on the basis of the conclusions reached in Section
18, the treated water should be comparable to those sodium sulphate
solutions previously discussed in which a small amount of chloride
was also present. The ionic ratio of chloride to sulphate in the plant
(3) treated water was, however, only 0.04.
The extreme nature of these solutions, even after treatment, may
be fully appreciated by referring to the limits of salt concentration
allowable under previously standardized operation given in Section
16. At the present time all three plants referred to in Table 4 are
forced to distill the local water in order to produce marketable ice,
thus rendering electrification of this operation impossible.
In the investigation of these water supplies synthetic samples
corresponding to the treated water were frozen under the conditions
discussed in connection with the sample of the sodium sulphate series
containing 1300 parts per million. Typical examples of the results
are shown in Fig. 8 (see p. 28). In each case the ice produced was of
distinctly marketable quality, the only desirable improvement being
a reduction in the amount of bottom opacity. However, in the
photographs this condition is slightly magnified due to the type of
illumination used. While greater than that resulting from solutions
containing 840 parts per million (see Fig. 7a), it is not considered to
be of sufficient character to materially affect the quality of the pro-
duct, an opinion shared by members of the advisory committee of
the co6perating agency.
22. Conclusions.-
(1) Results based on core ratio data have proven to be appli-
cable to synthetic solutions representing actual industrial supplies.
(2) Since solutions containing salt concentrations in excess of
1300 parts per million are rarely considered as industrial supplies,
the object of the investigation has been accomplished.
VII. ECONOMIC FEATURES OF PROPOSED PROCEDURE
23. Comparison of Previously-Standardized Operation with Pro-
posed Method on Basis of Production Cost.-The chief difference be-
*Loc. cit., p. 89.
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TABLE 5
COMPARISON OF PERCENTAGE COST DISTRIBUTION FOR STANDARD AND
PROPOSED OPERATING CONDITIONS
Plant capacity, tons of ice per 24 hrs ................................... 50
Storage, tons of ice ................................................... 100
Yearly production, 43 per cent load factor, tons.......................... 7850
Brine temperature, deg, F............................................. 16
Freezing tim e, hrs .................................................... 48
Can ratio, no. of cans per ton of ice per day............................. 13.2
Total no. of cans ..................................................... 660
Proposed Procedure,
Standard Procedure, Per Cent of
Item Per Cent of Standard Procedure
Total Cost Total Cost
(1) General Expense*.............................. 49.3 53.4t
(2) Labor....................................... 20.9 20.9
(3) Am m onia .................................... 0.9 0.9
(4) W ater, Salt, Oil, etc........................... 6.8 7.0t
(5) M aintenance................................. 5.9 5.9
(6) Pow er .......................................{Ammonia compressor, 35 kw.hr.............. 10.3
Auxiliaries, 20 kw.hr .............. 5.9
SAmmonia compressor, 36.5 kw.hr.¶ .......... 10.8
Auxiliaries, 26.8 kw.hr.§ .......... 7.9
Total Cost............................ 100.0 106.8
*Including insurance, taxes, depreciation and interest on investment.
tPlant cost increased 8.2 per cent to include new style cans, and additional water treating and
air conditioning equipment.$Added cost due to 26 per cent increase in water requirements occasioned by 10 gal. core removal.
¶4.3 per cent increase in power due to 10-gal. core removal.
§34 per cent increase in power due to increased air requirements.
tween the method proposed for the utilization of solutions containing
excessive salt concentrations and the operating procedure previously
standardized in the industry lies in the use of more effective air agita-
tion and the removal of an additional and larger core. In order that
the practicability of the proposed method may be estimated the effect
of its utilization on production cost will be briefly analyzed.
In Table 5, column 2, the cost of production for a plant of approxi-
mately average capacity, 50 tons of ice per day, and operated accord-
ing to standard procedure,* is distributed among the items covering
not only fixed charges but also operation and maintenance. The
basis for the individual charges is the average of a large number of
commercial plants of similar capacity. Since the power rate varies
with location, the items have been tabulated as percentages of the
total cost.
In comparing the production cost of such procedure with that
developed during the present investigation, the conditions required
by the most extreme case have been used as a basis of computation.
*Standard procedure refers to the use of 0.3 cu. ft. of air per min. per can for agitation and the
removal of a single 1-gal. core.
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It is assumed (1) that cans of standard design are replaced by those
affording the efficient agitation required; (2) that the air require-
ments for each can are distributed as follows: 3 cu. ft. per min. for
1 hr., 1.9 cu. ft. per min. for 8 hrs., and 0.47 cu. ft. per min. for the
remainder of a 48-hr. freezing period,* (an increase of 153.5 per cent
over that required under standard operation), and that additional
air compressor and dehumidification equipment is installed adequate
for the increased demand; (3) that the water treatment and filter
equipment are enlarged to handle the 26-per-cent increase in water
requirements imposed by the 10-gal. core removal; (4) that power for
ammonia compression is increased 4.3 per cent by the added load
imposed in cooling the 10-gal. core sample from 70 to 32 deg. F.;f
(5) that the auxiliary power is increased 34 per cent by air compressor
demand; and (6) that the water charge is raised to cover the 26-per-
cent increase in water requirements. On the basis of these assump-
tions it is assumed that the plant cost is increased 8.2 per cent. In
column 3 of Table 5 the cost of production for the proposed procedure
is tabulated, the various items being expressed as percentages of the
total cost resulting under the previously standard procedure. Al-
though the cost of additional equipment required has been based on
manufacturers' quotations and includes freight and installation, the
comparison cited should only be considered an indication of the in-
creased production cost involved. It should also be stated that the
conditions chosen for comparison with standard procedure are those
which have been determined to be necessary only in the most extreme
cases encountered. The investigation has indicated that the air re-
quirements at 16 deg. F. for solutions of various salt concentrations
follow those given in Table 3, Section 19, as a first approximation.
As the increase in production cost is largely a function of the volume
of air required for agitation, the difference between the two proced-
ures will in turn decrease with the total salt concentration of the
solution being frozen.
24. Conclusions.-Use of the methods developed to utilize the
most extreme types of water supplies likely to be encountered in
practical operation has been shown to increase the cost of production
6.8 per cent over that required by present standard procedure. In
view of the fact that a reduction in production cost of from 12 to 25
per cent has been estimated to result when operation is electrified,
the methods proposed are considered economically sound.
*The freezing period has been extended to that existing in the average plant at 16 deg. Otherwise
the air requirements assumed are those given in Table 3, Section 19, for the 1300-parts-per-million
sample.
tSee Bdlletin 219, Appendix B, p. 70, for calculation of power required by core removal.
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VIII. CONCLUSIONS
25. Conclusions.-As a result of the investigation the following
conclusions may be drawn:
(1) The allowable limit of salt concentration in solutions to be
used in the production of marketable ice at brine temperatures of
16 deg. F. has been extended to 1300 parts per million, whereas the
limit under operation previously standardized in the ice industry for
this temperature was approximately 256 parts per million.
(2) The method developed to utilize solutions of excessive salt
concentration has been shown to (a) involve the use of sufficient air
agitation efficiently applied to prevent localized concentration of the
dissolved salt at the freezing surface, and (b) the removal of unfrozen
core water whenever opacity tends to result from further concen-
tration.
(3) Successful utilization of solutions containing 1300 parts per
million has been shown to increase the production cost 6.8 per cent
over that resulting from operation now standardized in the industry.
The efficiencies offered by modernized operation more than offset
this increase, however, and render the proposed methods economically
attractive.
(4) A new basis for the classification of water supplies has been
developed, indicating that solutions of the individual salts fall into
two well-defined groups, while the specific effect exhibited in simple
solutions does not persist in the case of salt mixtures.
(5) According to the data presented, water treatment prior to the
freezing process should include neutralization of carbonates and bi-
carbonates to the corresponding chlorides in order that ice quality
may be improved with the minimum expenditure for agitation.
(6) Although solutions in which sulphates predominate have been
shown to present the greatest difficulty in the production of trans-
parent ice, their quality is greatly improved by the addition of rela-
tively small amounts of chlorides, the effect being evident from ionic
ratios of chloride to sulphate as low as 0.04.
(7) Since semi-plant scale operation, including full-scale freezing
equipment, was used throughout the investigation, application of the
results obtained to practical operation should not involve marked
difficulty.
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Bulletin No. 220. Tests of a Mikado-Type Locomotive Equipped with Nichol-
son Thermic Syphons, by Edward C. Schmidt, Everett G. Young, and Herman J.
Schrader. 1930. Fifty-five cents.
*Bulletin No. 221. An Investigation of Core Oils, by Carl H. Casberg and Carl E.
Schubert. 1931. Fifteen cents.
*Bulletin No. 222. Flow of Liquids in Pipes of Circular and Annular Cross-
Sections, by Alonzo P. Kratz, Horace J. Macintire, and Richard E. Gould. 1931.
Fifteen cents.
Bulletin No. 223. Investigation of Various Factors Affecting the Heating of
Rooms with Direct Steam Radiators, by Arthur C. Willard, Alonzo P. Kratz, Maurice
K. Fahnestock, and Seichi Konzo. 1931. Fifty-five cents.
*Bulletin No. 224. The Effect of Smelter Atmospheres on the Quality of Enamels
for Sheet Steel, by Andrew I. Andrews and Emanuel A. Hertzell. 1931. Ten cents.
*Bulletin No. 225. The Microstructure of Some Porcelain Glazes, by Clyde L.
Thompson. 1931. Fifteen cents.
Bulletin No. 226. Laboratory Tests of Reinforced Concrete Arches with Decks,
by Wilbur M. Wilson. 1931. Fifty cents.
*Bulletin No. 227. The Effect of Smelter Atmospheres on the Quality of Dry
Process Enamels for Cast Iron, by A. I. Andrews and H. W. Alexander. 1931.
Ten cents.
Circular No. 21. Tests of Welds, by Wilbur M. Wilson. 1931. Twenty cents.
*A limited number of copies of bulletins starred are available for free distribution.
tCopies of the complete list of publications can be obtained without charge by addressing the
Engineering Experiment Station, Urbana, Ill.
ILLINOIS ENGINEERING EXPERIMENT STATION
Bulletin No. 228. The Corrosion of Power Plant Equipment by Flue Gases,
by Henry Fraser Johnstone. 1931. Sixty-five cents.
*Bulletin No. 229. The Effect of Thermal Shock on Clay Bodies, by William R.
Morgan. 1931. Twenty cents.
Bulletin No. 230. Humidification for Residences, by Alonzo P. Kratz. 1931.
Twenty cents.
*Bulletin No. 231. Accidents from Hand and Mechanical Loading in Some Illinois
Coal Mines, by Alfred C. Callen and Cloyde M. Smith. 1931. Twenty-five cents.
*Bulletin No. 232. Run-Off Investigations in Central Illinois, by George W.
Pickels. 1931. Seventy cents.
*Bulletin No. 233. An Investigation of the Properties of Feldspars, by Cullen W.
Parmelee and Thomas N. McVay. 1931. Thirty cents.
*Bulletin No. 234. Movement of Piers during the Construction of Multiple-Span
Reinforced Concrete Arch Bridges, by Wilbur M. Wilson. 1931. Twenty cents.
Reprint No. 1. Steam Condensation an Inverse Index of Heating Effect, by
Alonzo P. Kratz and Maurice K. Fahnestock. 1931. Ten cents.
*Bulletin No. 235. An Investigation of the Suitability of Soy Bean Oil for Core
Oil, by Carl H. Casberg and Carl E. Schubert. 1931. Fifteen cents.
*Bulletin No. 236. The Electrolytic Reduction of Ketones, by Sherlock Swann,
Jr. 1931. Ten cents.
*Bulletin No. 237. Tests of Plain and Reinforced Concrete Made with Haydite
Aggregates, by Frank E. Richart and Vernon P. Jensen. 1931. Forty-five cents.
*Bulletin No. 238. The Catalytic Partial Oxidation of Ethyl Alcohol, by Donald
B. Keyes and Robert D. Snow. 1931. Twenty-cents.
*Bulletin No. 239. Tests of Joints in Wide Plates, by Wilbur M. Wilson, James
Mather, and Charles 0. Harris. 1931. Forty cents.
*Bulletin No. 240. Flow of Air through Circular Orifices in Thin Plates, by
Joseph A. Polson and Joseph G. Lowther. 1932. Twenty-five cents.
*Bulletin No. 241. Strength of Light I Beams, by Milo S. Ketchum and Jasper
0. Draffin. 1932. Twenty-five cents.
*Bulletin No. 242. Bearing Value of Pivots for Scales, by Wilbur M. Wilson,
Roy L. Moore, and Frank P. Thomas. 1932. Thirty cents.
*Bulletin No. 243. The Creep of Lead and Lead Alloys Used for Cable Sheathing,
by Herbert F. Moore and Norville J. Alleman. 1932. Fifteen cents.
*Bulletin No. 244. A Study of Stresses in Car Axles under Service Conditions,
by Herbert F. Moore, Nereus H. Roy, and Bernard B. Betty. 1932. Forty cents.
*Bulletin No. 245. Determination of Stress Concentration in Screw Threads by
the Photo-Elastic Method, by Stanley G. Hall. 1932. Ten cents.
*Bulletin No. 246. Investigation of Warm-Air Furnaces and Heating Systems,
Part V, by Arthur C. Willard, Alonzo P. Kratz, and Seichi Konzo. 1932. Eighty
cents.
*Bulletin No. 247. An Experimental Investigation of the Friction of Screw
Threads, by Clarence W. Ham and David G. Ryan. 1932. Thirty-five cents.
*Bulletin No. 248. A Study of a Group of Typical Spinels, by Cullen W. Parmelee,
Alfred E. Badger, and George A. Ballam. 1932. Thirty cents.
*Bulletin No. 249. The Effects on Mine Ventilation of Shaft-Bottom Vanes and
Improvements in Air Courses, by Cloyde M. Smith. 1932. Twenty-five cents.
*Bulletin No. 250. A Test of the Durability of Signal-Relay Contacts, by Everett
E. King. 1932. Ten cents.
*Bulletin No. 251. Strength and Stability of Concrete Masonry Walls, by Frank
E. Richart, Robert B. B. Moorman, and Paul M. Woodworth. 1932. Twenty cents.
*Bulletin No. 252. The Catalytic Partial Oxidation of Ethyl Alcohol in the Vapor
Phase. The Use of a Liquid Salt Bath for Temperature Control, by Donald B.
Keyes and William Lawrence Faith. 1932. Ten cents.
*Bulletin No. 253. Treatment of Water for Ice Manufacture, Part II, by Dana
Burks, Jr. 1933. Forty-five cents.
*A limited number of copies of bulletins starred are available for free distribution.
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